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ABSTRACT
To improve our understanding of high-z galaxies, we study the impact of H2 chemistry on their
evolution, morphology and observed properties. We compare two zoom-in high-resolution
(30 pc) simulations of prototypical M ∼ 1010 M galaxies at z = 6. The first, ‘Dahlia’, adopts
an equilibrium model for H2 formation, while the second, ‘Althæa’, features an improved non-
equilibrium chemistry network. The star formation rate (SFR) of the two galaxies is similar
(within 50 per cent), and increases with time reaching values close to 100 M yr−1 at z = 6.
They both have SFR–stellar mass relation consistent with observations, and a specific SFR of
5 Gyr−1. The main differences arise in the gas properties. The non-equilibrium chemistry
determines the H → H2 transition to occur at densities >300 cm−3, i.e. about 10 times larger
than predicted by the equilibrium model used for Dahlia. As a result, Althæa features a more
clumpy and fragmented morphology, in turn making SN feedback more effective. Also, because
of the lower density and weaker feedback, Dahlia sits 3σ away from the Schmidt–Kennicutt
relation; Althæa, instead nicely agrees with observations. The different gas properties result in
widely different observables. Althæa outshines Dahlia by a factor of 7 (15) in [C II]157.74 μm
(H217.03 μm) line emission. Yet, Althæa is underluminous with respect to the locally observed
[C II]–SFR relation. Whether this relation does not apply at high-z or the line luminosity is
reduced by cosmic microwave background and metallicity effects remain as an open question.
Key words: methods: numerical – galaxies: evolution – galaxies: formation – galaxies: high-
redshift – galaxies: ISM – infrared: general.
1 IN T RO D U C T I O N
Understanding the properties of the interstellar medium (ISM) of
primeval galaxies is a fundamental challenge of physical cosmology.
The high sensitivity/spatial resolution allowed by current observa-
tions have dramatically improved our understanding of the ISM of
local and moderate redshift (z = 2–3) galaxies (Osterbrock 1989;
Stasińska 2007; Pérez-Montero 2017; Stanway 2017). We now have
a clearer picture of the gas phases and thermodynamics (Daddi
et al. 2010a; Carilli & Walter 2013), particularly for what concerns
 E-mail: andrea.pallottini@sns.it, andrea.pallottini@centrofermi.it
the molecular component, representing the stellar birth environment
(Krumholz 2015; Klessen & Glover 2016).
For galaxies located in the Epoch of Reionization (5  z 
15) optical/near-infrared (IR) surveys have been very successful in
their identification and characterization in terms of stellar mass and
star formation rate (SFR; Dunlop 2013; Madau & Dickinson 2014;
Bouwens et al. 2015). However, only recently we have started to
probe the internal structure of such objects. With the advent of
the Atacama Large Millimeter/Submillmeter Array (ALMA) it is
now possible to access the far-infrared (FIR) band at high-z with an
unprecedented resolution and sensitivity. Excitingly, this enables for
the first time studies of ISM energetics, structure and composition
in such pristine objects.
C© 2017 The Authors







nras/article-abstract/471/4/4128/3974058 by Scuola N
orm
ale Superiore. Biblioteca user on 01 M
arch 2019
Chemistry in high-z galaxies 4129
Since C II is one of the major coolant of the ISM, [C II] ALMA
detections (and upper limits) have so far mostly used this line for
the above purposes (Capak et al. 2015; Maiolino et al. 2015; Willott
et al. 2015) and to determine the sizes of early galaxies (Fujimoto
et al. 2017). Line emission from different species (e.g. [O III]) has
been used to derive the interstellar radiation field (ISRF) intensity
(Inoue et al. 2016; Carniani et al. 2017), while continuum detec-
tions give us a measure of the dust content and properties (Watson
et al. 2015; Laporte et al. 2017). Finally, some observations are
beginning to resolve different ISM components and their dynamics
by detecting spatial offsets and kinematic shifts between differ-
ent emission lines, i.e. [C II] and optical–ultraviolet (UV) emis-
sion (Capak et al. 2015; Maiolino et al. 2015), [C II] and Ly α
(Pentericci et al. 2016; Bradac et al. 2017) and [C II] and [O III]
(Carniani et al. 2017).
In spite of these progresses, several pressing questions remain
unanswered. A partial list includes the following: (a) What is the
chemical composition and thermodynamic state of the ISM in high-
z galaxies? (b) How does the molecular gas turns into stars and
regulate the evolution of these systems? (c) What are the optimal
observational strategies to better constrain the properties of these
primeval objects?
Theoretically, cosmological numerical simulations have been
used to attack some of these problems. The key idea is to produce a
coherent physical framework within which the observed properties
can be understood. Such learning strategy is also of fundamen-
tal importance to devise efficient observations from current (e.g.
HST/ALMA), planned (JWST) and proposed (SPICA) instruments.
Before this strategy can be implemented, though, it is necessary to
develop reliable numerical schemes catching all the relevant phys-
ical processes. While the overall performances of the most widely
used schemes have been extensively benchmarked (Scannapieco
et al. 2012; Kim et al. 2014, 2016), high-resolution simulations of
galaxy formation introduce a new challenge: they are very sensitive
to the implemented physical models, particularly those acting on
small scales.
Among these, the role of feedback, i.e. how stars affect their
own formation history via energy injection in the surrounding gas
by supernova (SN) explosions, stellar winds and radiation, is far
from being completely understood, despite considerable efforts to
improve its modelling (Agertz & Kravtsov 2015; Martizzi, Faucher-
Giguère & Quataert 2015) and understand its consequences on high-
z galaxy evolution (Ceverino et al. 2014; Barai et al. 2015; O’Shea
et al. 2015; Fiacconi et al. 2017; Hopkins et al. 2017; Pallottini
et al. 2017).
Additionally, we are still lacking a completely self-consistent
treatment of radiation transfer. This is an area in which inten-
sive work is ongoing in terms of faster numerical schemes (Wise
et al. 2012; Rosdahl et al. 2015; Katz et al. 2016), or improved
physical modelling (Petkova & Maio 2012; Roskar et al. 2014;
Maio et al. 2016).
A third aspect has received comparatively less attention so far in
high-z galaxy formation studies, i.e. the implementation of adequate
chemical networks. While various models have been proposed and
tested (Krumholz, McKee & Tumlinson 2009; Bovino et al. 2016;
Grassi et al. 2017), the galaxy-scale consequences of the different
prescriptions are still largely unexplored (Tomassetti et al. 2015;
Maio & Tescari 2015; Smith et al. 2017). Besides, there is no clear
consensus on a minimal set of physical ingredients required to
produce reliable simulations.
The purpose of this paper is to analyse the impact of H2 chemistry
on the internal structure of high-z galaxies. To this aim, we simulate
two prototypical M  1010 M Lyman break galaxies (LBGs) at
z = 6, named ‘Dahlia’ and ‘Althæa’, respectively. The two simula-
tions differ for the H2 formation implementation, equilibrium versus
non-equilibrium. We show how chemistry has a strong impact on
the observed properties of early galaxies.
The paper is organized as follows. In Section 2, we describe the
two simulations highlighting common features (Section 2.1), sep-
arately discussing the different chemical models used for Dahlia
(Section 2.2) and Althæa (Section 2.3). Results are presented as
follow. First, we perform a benchmark of the chemical models
(Section 2.4), and compare the star formation (SF) and feedback
history of the two galaxies (Section 3.1). Next, we characterize
their differences in terms of morphology (Section 3.2), thermody-
namical state of the ISM (Section 3.3), and predicted [C II] and H2
(Section 4) emission line properties. Our conclusions are summa-
rized in Section 5.
2 N U M E R I C A L S I M U L AT I O N S
To assess the impact of H2 chemistry on the internal structure of
high-z galaxies, we compare two zoom-in simulations adopting
different chemical models. Both simulations follow the evolution
of a prototypical z = 6 LBG galaxy hosted by a Mh  1011M dark
matter (DM) halo (virial radius rvir  15 kpc).
The first simulation has been presented in Pallottini et al. (2017,
hereafter P17). The targeted galaxy (which includes also about 10
satellites) is called ‘Dahlia’ (see also Gallerani et al. 2016, for
analysis of its infall/outflow structure). In such previous work, we
showed that Dahlia’s specific SFR (sSFR) is in agreement with both
analytical calculations (Behroozi, Wechsler & Conroy 2013), and
with z = 7 observations (González et al. 2010, see also Section 3.1).
In the second, new simulation we follow the evolution of ‘Al-
thæa’, by using improved thermo-chemistry, but keeping everything
else (initial conditions, resolution, SF and feedback prescriptions)
unchanged with respect to the Dahlia simulation. We describe the
implementation of these common processes in the following sec-
tion. Next, we describe separately the chemical model used for
Dahlia (Section 2.2) and Althæa (Section 2.3).
2.1 Common physical models
Both simulations are performed with a customized version of the
Adaptive Mesh Refinement (AMR) code RAMSES (Teyssier 2002).
Starting from cosmological IC1 generated with MUSIC (Hahn &
Abel 2011), we zoom-in the z  6 DM halo hosting the targeted
galaxy. The total simulation volume is (20 Mpc h−1)3 that is evolved
with a base grid with eight levels (gas mass 6 × 106 M); the zoom-
in region has a volume of (2.1 Mpc h−1)3 and is resolved with three
additional levels of refinement, thus yielding a gas mass resolution
of mb = 1.2 × 104 M. In such region, we allow for six additional
levels of refinement which allow us to follow the evolution of the
gas down to scales of lcell  30 pc at z = 6, i.e. the refined cells
have mass and size typical of Galactic molecular clouds (MCs;
e.g. Federrath & Klessen 2013). The refinement is performed with
a Lagrangian mass threshold-based criterion., i.e. a cell is refined
1 We assume cosmological parameters compatible with Planck results:
CDM model with total matter, vacuum and baryonic densities in units
of the critical density  = 0.692, m = 0.308, b = 0.0481, Hubble con-
stant H0 = 100 h km s−1 Mpc−1 with h = 0.678, spectral index n = 0.967,
σ 8 = 0.826 (Planck Collaboration XVI 2014).
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if its total (DM+baryonic) mass exceed the mass resolution by a
factor 8.
Metallicity (Z) is followed as the sum of heavy elements, assumed
to have solar abundance ratios (Asplund et al. 2009). We impose
an initial metallicity floor Zfloor = 10−3 Z since at z  40 our
resolution is still insufficient to catch the metal enrichment by the
first stars (e.g. O’Shea et al. 2015). Such floor is compatible with
the metallicity found at high-z in cosmological simulations for dif-
fuse enriched gas (Davé, Finlator & Oppenheimer 2011; Pallottini
et al. 2014a; Maio & Tescari 2015); it only marginally affects the
gas cooling time.
Dust evolution is not explicitly tracked during simulations.
However, we make the simple assumption that the dust-to-
gas mass ratio scales with metallicity, i.e. D = D(Z/Z),
where D/Z = 0.3 for the Milky Way (MW; e.g. Hirashita &
Ferrara 2002; Asano et al. 2013).
2.1.1 Star formation
Stars form according to a linearly H2-dependent Schmidt–Kennicutt
(SK) relation (Schmidt 1959; Kennicutt 1998) i.e.
ρ̇ = ζsffH2 ρ
tff
, (1)
where ρ̇ is the local SF rate density, ζ sf is the SF efficiency, fH2
is the H2 mass fraction and ρ = μmpn is density of the gas of
mean molecular weight μ. Equation (1) is solved stochastically, by
drawing the mass of the new star particles from a Poisson distribu-
tion (Rasera & Teyssier 2006; Dubois & Teyssier 2008; Pallottini
et al. 2014a). In detail, in an SF event we create a star particle with
mass Nmb, with N an integer drawn from
P (N ) = 〈N〉
N !
exp −〈N〉 , (2)








with δt the simulation time-step. For numerical stability, no more
than half of the cell mass is allowed to turn into stars. Since we
prevent formation of star particle with mass less than mb, cells with
density less than ∼15 cm−3 (for lcell  30 pc) are not allowed to
form stars.
We set ζ sf = 0.1, in accordance with the average values inferred
from MC observations (Murray 2011, see also Agertz et al. 2013);
fH2 depends on the adopted thermo-chemical model, as described
later in Sections 2.2 and 2.3.
2.1.2 Feedback
Similarly to Kim et al. (2014), we account for stellar energy inputs
and chemical yields that depend both on time and stellar populations
by using STARBURST99 (Leitherer et al. 1999). Stellar tracks are taken
from the padova (Bertelli et al. 1994) library with stellar metal-
licities in the range 0.02 ≤ Z/Z ≤ 1, and we assume a Kroupa
(2001) initial mass function. Stellar feedback includes SNs, winds
from massive stars and radiation pressure (Agertz et al. 2013). We
model the thermal and turbulent energy content of the gas accord-
ing to the prescriptions by Agertz & Kravtsov (2015). The turbulent
(or non-thermal) energy is dissipated as ėnth = −enth/tdiss (Teyssier
et al. 2013, see equation 2), where, following Mac Low (1999), the









where σ turb is the turbulent velocity dispersion. Adopting the SN
blastwave models and OB/AGB stellar winds from Ostriker &
McKee (1988) and Weaver et al. (1977), respectively, we account
for the dissipation of energy in MCs as detailed in section 2.4 and
appendix A of P17.
2.2 Dahlia: equilibrium thermo-chemistry
In the Dahlia simulation, we compute fH2 by adopting the KTM09
analytical prescription (Krumholz, McKee & Tumlinson
2008, 2009; McKee & Krumholz 2010). In KTM09, the H2 abun-
dance is derived by modelling the radiative transfer on an idealized
MC and by assuming equilibrium between H2 formation on dust
grains and dissociation rates. For each gas cell, fH2 can then be
written as a function of n, Z and hydrogen column density (NH). By
further assuming pressure equilibrium between CNM and WNM
(Krumholz et al. 2009), fH2 turns out to be independent of the in-
tensity of the ISRF, and can be written as
fH2 = [1 − 0.75 s/(1 + 0.25 s)] 
(2 − s) , (5a)
with
s = ln (1 + 0.6 χ + 0.01χ2) /(0.6 τUV) (5b)
χ = 0.75 [1 + 3.1 (Z/Z)0.365] , (5c)
and where 
 is the Heaviside function; τUV is the dust UV optical









In Dahlia cooling/heating rates are computed using GRACKLE 2.12
(Bryan et al. 2014). We use an H and He primordial net-
work, and tabulated metal cooling/photoheating rates from CLOUDY
(Ferland et al. 2013). Inverse Compton cooling is also present, and
we consider heating from a redshift-dependent ionizing UV back-
ground (UVB; Haardt & Madau 2012). Since H2 is not explicitly in-
cluded in the network, we do not include the corresponding cooling
contribution.
2.3 Althæa: non-equilibrium thermo-chemistry
In Althæa, we implement a non-equilibrium chemical network by
using KROME3 (Grassi et al. 2014). Given a set of species and their
reactions, KROME can generate the code needed to solve the system of
coupled ordinary differential equations that describe the gas thermo-
chemical evolution.
2.3.1 Chemical network
Similarly to Bovino et al. (2016, hereafter B16), our network in-
cludes H, H+, H−, He, He+, He++, H2, H+2 and electrons. Metal
species are not followed individually in the network, as for in-
stance done in Model IV from B16; therefore, we use an equilib-
rium metal line cooling calculated via CLOUDY tables.4 The adopted
2 https://grackle.readthedocs.org/
3 https://bitbucket.org/tgrassi/krome
4 As a caveat, we point out that there is a formal inconsistency in the
modelling. Metal line cooling tables are usually calculated with CLOUDY by
assuming a Haardt & Madau (2012) UVB, while the ISRF SED we adopt is
MW-like. To remove such inconsistency one should explicitly track metal
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network contains a total of 37 reactions, including photochemistry
(Section 2.3.2), dust processes (Section 2.3.3) and cosmic rays (CR;
Section 2.3.4). The reactions, their rates, and corresponding refer-
ences are listed in appendix B of B16: specifically we use reactions
from 1 to 31 (table B.1 in B16), 53, 54 and from 58 to 61 (table B.2
in B16).
2.3.2 Photochemistry
Photochemistry cross-sections are taken from Verner & Ferland
(1996) and by using the SWRI5 and Leiden6 data bases. In the
present simulation, the ISRF is not evolved self-consistently and it
is approximated as follows. For the spectral energy density (SED),
we assume an MW-like spectrum (Black 1987; Draine 1978), and
we specify the SED using 10 energy bins from 0.75 to 14.16 eV.
Beyond 13.6 eV the flux drops to zero, i.e. we do not include ionizing
radiation.
We consider a spatially uniform ISRF whose intensity is
rescaled with the SFR such that G = G0(SFR/M yr−1), where
G0 = 1.6 × 10−3 erg cm−2 s−1 is the far-UV (FUV) flux in the
Habing band (6–13.6 eV) normalized to the average MW value
(Habing 1968). Because of their sub-kpc sizes (Shibuya, Ouchi &
Harikane 2015; Fujimoto et al. 2017), high G0 values are expected
in typical LBGs at z  6, as inferred also by Carniani et al. (2017).
A similar situation is seen in some local dwarf galaxies (Cormier
et al. 2015) that are generally considered as local counterparts of
high-z galaxies. It is worth noting that the spatial variation of G
is very small in the MW, with an rms value 3 G0 (Habing 1968;
Wolfire et al. 2003). None the less, spatial fluctuations of the ISRF,
if present, might play some role in the evolution of high-z galaxies
(e.g. Katz et al. 2016). We will analyse this effect in future work.
On top of the ISRF, we consider the cosmic microwave back-
ground (CMB), which effectively sets a temperature floor for the
gas. Additionally, we neglect the cosmic UVB, since the typical ISM
densities are sufficiently large to ensure an efficient self-shielding
(e.g. Gnedin 2010). For example, Rahmati et al. (2013) have shown
that at z  5 the hydrogen ionization due to the UVB is negli-
gible for n  10−2 cm−3, the typical density of diffuse ISM. The
self-shielding of H2 to photodissociation is accounted by using
the Richings, Schaye & Oppenheimer (2014) prescription,7 thus in
each gas cell the shielding can be expressed as an analytical func-
tion of its H2 column density, temperature and turbulence (cf. with
Wolcott-Green, Haiman & Bryan 2011).
2.3.3 Dust processes
As for Dahlia, the dust mass is proportional to the metal mass. Here,
we also specify the dust size distribution to be the one appropriate
for high-z galaxies, the Small Magellanic Cloud one, following
Weingartner & Draine (2001). Dust grains can affect the chemistry
species, adopt a non-equilibrium metal line cooling and include radiative
transfer. As noted in B16 (see their fig. 16), using non-equilibrium metal
line cooling can typically change the cooling function by a factor 2. This
will be addressed in future work.
5 http://phidrates.space.swri.edu
6 http://home.strw.leidenuniv.nl/ewine/photo/
7 The self-shielding formulation by Richings et al. (2014) does not account
for a directional dependence as done in more computationally costly models
(Hartwig et al. 2015).
through cooling8 (Hollenbach & McKee 1979), photoelectric heat-
ing (Bakes & Tielens 1994), and by mediating the formation of
molecules (Cazaux & Spaans 2009). In particular, the formation
rate of H2 on dust grains is approximated following Jura (1975)
RH2−dust = 3 × 10−17n nH(D/D) cm−3 s−1 , (7)
where nH is the hydrogen density. Note that for D  10−2D, this
dust channel is dominant with respect to gas-phase formation (e.g.
reactions 6–7 and 9–10, table B.1 in B16).
2.3.4 Cosmic rays
CR ionization can become important in regions shielded from ra-
diation, like MC interiors. We assume a CR hydrogen ionization
rate ∝ SFR (Valle et al. 2002) and normalized to the MW value
(Webber 1998):
ζcr = 3 × 10−17(SFR/M yr−1) s−1. (8)
The rate ζ cr includes the flux of CR and secondary electrons
(Richings et al. 2014). In the network, CR ionizations are propor-
tional to ζ cr and to coupling constants that depend on the specific
ions; such couplings are taken from the KIDA data base (Wakelam
et al. 2012). Additionally we account for Coulomb heating, by as-
suming that every CR ionization releases an energy9 of 20 eV.
2.3.5 Initial abundances of the species
Finally, following Galli & Palla (1998), we calculate IC for the
various species by accounting for the primordial chemistry10 at z 
100, for a density and temperature evolution corresponding to gas
at the mean cosmic density.
2.4 Benchmark of H2 formation models
As a benchmark for our simulations, we compare the formation
of H2 in different physical environments. For the Dahlia KTM09
model, we compute fH2 from equation (5) as a function of n and Z.
We choose an expression for NH = n lcellμ ∝ n2/3 resulting from the
mass threshold-based AMR refinement criterion for which lcell ∝
n−1/3. We restate that the equilibrium KTM09 model is independent
of G and the gas temperature T.
For the Althæa B16 model, we use KROME to perform single-
zone tests varying n, Z and G. In this case, we assume an initial
temperature11 T = 5 × 103K, and we let the gas patch evolve at
constant density until thermo-chemical equilibrium is reached. This
typically takes 100 Myr.
The comparison between the two models is shown in Fig. 1 as a
function of n for different metallicities. For G > 0 and Z < Z, H2
formation is hindered in B16 with respect to KTM09, i.e. higher n
are needed to reach similar fH2 fractions. For G = G0 and Z = Z, the
two models are roughly in agreement: this is expected since KTM09
is calibrated on the MW environment. Finally, for G > 0 and at
8 Dust cooling is not included in the current model, as it gives only a minor
contribution for n < 104cm−3, i.e. see fig. 3 in B16.
9 For a more accurate treatment of Coulomb heating refer to Glassgold,
Galli & Padovani (2012).
10 For a possible implementation of the Galli & Palla (1998) chemical net-
work, see the ‘early Universe’ test contained in KROME.
11 The initial temperature corresponds to the virial temperature of the first
star-forming haloes present in the zoomed region. The results depend very
weakly on this assumption.
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